Abstract It is generally believed that tropical forests suffer more herbivory, as a proportion of leaf area, than do temperate forests. Reviews so far have compared studies performed by different authors using very different methodologies. Here we carried out studies on 125 samples at 86 localities in eastern North America and on 75 samples taken at five localities in Malaysia and Singapore, including both mature secondary and primary forest. Samples in North America were spread over 3 years. In tropical Asia, the samples were taken at four time slices at least 8 months apart, scattered over a 4-year period. Total herbivore damage during the lifetime of tree leaves was estimated from the percentage area damaged in recently fallen, undecayed leaves from the forest floor, using scanner-linked software. In terms of percentage damage per leaf, the results suggest that lowland tropical forest has significantly higher leaf herbivory (5.82%) than temperate forest (5.48%). This is in accord with the general expectation that aseasonal tropical forests should have more herbivory damage. However, when percentage damage 'per unit time of growing season' is calculated based on an estimate of leaf lifetime in the tropics, tropical lowland herbivory damage turns out to be a fraction (about one half) of that in the temperate zone. Thus, these results tend to put in question the widely held view that herbivore damage is markedly more intense in the tropics. Over total leaf lifetime, the intensity of damage in the tropical area is only slightly higher than temperate regions. In terms of intensity of herbivory on leaves per unit of time, the opposite seems to be the case. It is uncertain which index should be taken as more significant in interpreting the selection pressure for anti-herbivore defenses in the tropics.
Introduction
It is widely believed that herbivore-plant interactions and plant defenses vary with latitude. Herbivory is suggested as being more intense, and plant defenses better developed, at lower latitudes (e.g., Dobzhansky 1950; MacArthur 1969; Coley and Barone 1996; Grime 2001; Pennings and Sillman 2005) . Despite the interest in such patterns, evidence for latitudinal gradients in herbivory is in short supply. There are several reasons why the existence of the latitudinal pattern is contentious. In a literature review of 42 literature studies, Coley and Barone (1996) found evidence of higher leaf herbivory in the tropics (11.1% of leaf area per year in tropical trees, as opposed to 7.1% in temperate trees), but they caution that there is a paucity of accurate studies. Coley and Barone (1996) discuss the diverse ways in which leaf samples have been taken in different studies: at different heights in the canopy (e.g., sun or shade leaves) and with differing spatial sampling distributions and frequency through the forest. For example, some studies have assessed herbivory of leaves on low branches within reach of the ground, while others have used canopy cranes or dirigibles to access leaves on the top of the canopy (Halle 2002) . Whether estimation and categorization of damage is done by eye or by computer also varies from one study to another (Coley and Barone 1996) . The only generally cited latitudinal comparison of herbivory (Coley and Barone 1996) has been based on literature reviews of such pooled results derived from heterogeneous studies.
However, in the years since Coley and Barone's review there has been work that used a standardized procedure to compare herbivory in different climates and latitudes. One study by Andrew and Hughes (2005) used an identical methodology to compare herbivory at different sites along a latitudinal gradient in Australia. They concentrated on a single species of shrub (Acacia falcata) along a gradient of 15°' latitude. In their study, no evidence of a gradient in herbivory (in terms of chewing, mining and sap sucking damage) was found. Kozlov (2008) studied two species of birch (Betula) in Europe, finding that one species (Betula pubescens) had less folivory at high boreal latitudes, while the other more southerly species (Betula pendula) showed no latitudinal trend in folivory.
The research presented in this paper used a standardized methodology to compare herbivory at a wholecommunity level in the interior of closed tropical and temperate zone forests. Although not everything about the sampling between the temperate and tropical zones is identical (e.g., tropical sites were more clustered spatially), our study may be the most standardized community-level study to date which has compared these very different climate zones.
Methods

Data collection
Use of dead leaves from the uppermost litter layer
Most studies that have assessed leaf herbivory loss have studied living leaves that were still attached to the tree (Coley and Barone 1996) . While this approach has advantages in terms of certainties about what exactly is being studied, it is relatively cumbersome to collect the leaves (particularly from high up in the canopy), which has severely limited the extent and replication of sampling. Furthermore, because leaf sampling tree by tree is inevitably patchy, it is difficult to know whether one is collecting a representative sample of leaves within the canopy. In addition, during the growing season, slight differences in leaf age can translate into large differences in the amount of herbivory (Coley 1982) , making crosscomparison of sites difficult.
In this study we chose to assess herbivory in fallen leaf litter. This approach would seem to have several advantages: (1) Ease of collection, facilitating widespread sampling, (2) providing an integrated sample of leaves both through the depth of the canopy and across an area of forest, (3) providing a commonality in terms of what is being assessed, in the sense that it is total growing season herbivory during the leaf's lifetime, which has of course ended when the leaf abscised (even if leaf lifetime and thus the rate of herbivory per-unit-time varies greatly with latitude).
However, various caveats must be considered regarding the use of leaf litter: (1) physical degradation of leaf litter on the ground might give the false impression of herbivore damage. For example, when leaves begin to decay, they may fall apart very easily if disturbed. In this study, we were careful only to use leaves from the uppermost litter layer, which were evidently undecayed (lacking fungal saprophyte strands) and physically robust (unlikely to fall apart easily). (2) Dry leaves on the forest floor may be trampled or otherwise broken up by forest animals. It is difficult to rigorously allow for this factor, although animal trails and human trails through the forest floor are often easily recognized and were avoided in sampling. (3) As mentioned above, fallen dead leaves do not reveal the detailed pattern of accumulation of leaf herbivore damage during the leaf's lifetime, and how this might vary from one site to another. In addition, it is of course impossible to check which herbivores are actually eating the leaves; at least with assessing living leaves there is a chance that one could observe which species of herbivores tend to cause the most damage (although in actual fact insect herbivores are rarely observed in the act of feeding on tropical leaves, due to the very transitory nature of their feeding activity: D.H. Lohman pers. comm.). In the tropics (with a local species pool of several hundred woody plant species), it is not always possible to identify the taxon of tree from which each leaf is derived, although by contrast in the temperate zone, this can usually done for every leaf. (4) Leaves that are completely eaten while on the branch will not be counted in the litter layer. This is also a potential problem with studies of living leaves, where the 'missing' leaves are often not counted (Coley and Barone 1996; Lowman 1984 Lowman , 1985 . In terms of quantifying absolute ecosystem herbivory loss, this is perhaps a significant drawback. However, it is necessary to bear in mind that the purpose of the present study is to look for evidence of geographical differences in the amount of herbivory from one place to another. In each forest community, there is a spectrum of damage intensity on individual leaves ranging from slight damage, through heavy damage, to complete consumption of the leaf, and this shows a lognormal distribution (cf. methodology, below). Given that most leaves are incompletely consumed, it may still be possible to get a good general impression of the relative levels of damage just by assessing those leaves that are still intact enough to measure. More herbivory should result in a shift in the lognormal curve, which will show up as higher average herbivory in all the surviving leaves in the leaf litter for that site. In a community where many more leaves are being completely eaten, there should also be many more leaves that are damaged but incompletely eaten, relative to the number of intact leaves. While it will be difficult to quantify exactly how many more leaves were lost completely, it should be possible to detect any large latitudinal difference in herbivory, if such a difference really exists. Furthermore, we will present here results from live leaves which suggest that the general picture presented by Lowman (1984 Lowman ( , 1985 for a high frequency of complete consumption of leaves may not be appropriate for the forests which we are studying.
Despite the specific problems of sampling from the litter layer, we consider that the possibility of a very widespread standardized study-involving many different sites-outweighs the drawbacks from using dead leaves rather than living leaves.
Site selection
The temperate zone sites in North America were gathered as part of a separate study by the present authors to test for the existence of latitudinal trends in herbivory within the temperate zone (work currently submitted for publication). The tropical sites were sampled as a study to provide an overall comparison between the moist tropics on one hand, and the moist temperate zone on the other. Given the practical constraints on travel, sampling within the tropics was confined to a smaller number of sites, with each site sampled as a cluster of localities spaced 500 m apart. Since the reduced dispersion of sites in the tropics might give some reservations about pseudoreplication relative to the more highly dispersed temperate sites, any statistical pairwise comparisons must be regarded as tentative and we do not emphasize the statistical tests alone.
Temperate eastern North America: broadleaved deciduous forests
In the temperate zone, this study was based on sampling of autumn leaves under wild tree populations in the north-eastern temperate forest of North America (see map Fig. 1a , Appendix 1 Supplementary Material), between 40 and 45°north latitude. The mean annual temperature of localities varied from 6°C in the north to 11°C in the south.
Samples were chosen in large deciduous forested areas (>100-ha contiguous forest area) across a wide and broadly representative scatter of deciduous and mixed-tree community types in the eastern USA and in eastern Canada. All the stands sampled had >50% estimated canopy coverage broadleaved deciduous species. Common trees throughout the spread of samples included Acer rubrum, Fagus grandifolia and Quercus alba, Quercus rubrum, and Quercus coccinea. Many samples were in state parks and forests, though others were on private land. Samples were mostly taken from areas below 330 m in altitude, although in northern Vermont and New York State some higher altitude sites (up to 400 m) have been sampled. A very wide range of landscapes and soil conditions have been sampled within this scatter of sites (STATSGO 1994) .
Tropical south-east Asia: evergreen broadleaved forests All six sites in Malaysia and Singapore (Fig. 1b Pasoh Site and Ulu Bendul: The Pasoh International Biosphere Reserve managed by FRIM has a large core area of primary forest. It is located in gently rolling country about 150 km from Kepong. Most of the forest is tierre firme forest on clays, with localized scattered swamp forest areas. The nearby Ulu Bendul site has a similar species composition to the Pasoh site: our samples were taken in advanced secondary forest areas on steeply sloping hills over igneous rocks.
Tanjung Tuan and Meranti (the two Port Dickson sites): The Tangun Tuan site consists mostly of primary coastal hill dipterocarp forest, on steep hilly country underlain by well-drained limestone rock. The forest community assemblage is characterized by Shorea glauca, which is commonly associated with slopes of coastal hill forest, where it is gregarious on the seaward-facing slopes. Many typical lowland forest families such as Burseraceae, Dipterocarpaceae, Sapotaceae, and species such as Callophyllum sp., Neobalanocarpus hemii and other Shorea sp. can be found at this site.
The Meranti site is a forest reserve, selectively logged on a long rotation period, with a high proportion of large trees and a diverse canopy. It is situated some 15 km from the Tangun Tuan site in a very similar climate but different soils. Unlike the Tangun Tuan site, it is on deep flat alluvial clay/sand soils.
Central Catchment Singapore: The linked Central Catchment and Bukit Timah reserves occupy several hundred hectares. There is about 1 km 2 of primary dipterocarp forest, and a large area of advanced, diverse secondary forest. Both reserves were sampled.
Leaf collection
Temperate zone sites
Sampling took place in fall (once at least 90% of deciduous leaves were off the trees), with the timing of collection depending on the latitude. For example, in Fig. 1 northern New England, sampling took place in early November, while in New Jersey it took place in mid November due to the slightly later leaf drop. Samples were taken in autumn of 2004, 2005, and 2006 . While there was considerable overlap in site locations from year to year, because of overlapping time constraints for other field projects some sites were sampled only in 2 years, while other sites were sampled opportunistically only in 1 year. At each sample location, an area of forest at least 50 m from any roadside or clearing was chosen. A hectare area was paced out and corner trees marked with tape. Then two collectors walked diagonal tracks from one corner to the opposite corner, each gathering a large handful of leaves from the uppermost fresh litter every 5 m and putting the leaves into a bag. The two bags were then combined as the sample for that site. Only freshly fallen leaves from the upper litter layer were taken, although collectors were instructed to sample semi-blindly without any sorting that might distinguish lightly damaged from heavily damaged leaves.
Bags of collected leaves were treated with care to avoid any crushing that might damage brittle leaves, and were stored dried in a cold room at 3°C until they could be sampled for herbivore damage.
Sampling from the bags was also carried out blindly. Water was sprayed into each bag to moisten the leaves, making them supple, and to make them stick together (which avoids size-sorting). All the leaves in the bag were then churned by hand to avoid any size or damage-level sorting. A handful of leaves was then grabbed blindly from the bag and all leaves in that handful were assessed for damage, then another handful was taken and so on until 75 leaves in total had been sampled. Therefore, 75 leaves were sampled per 'hectare plot', and per time slice. Herbivore damage assessment took place using a scanner, to scan in an image of each leaf, and Sigmascan software. Sigmascan allows the user to draw a shape around the likely extent of the intact leaf, and then subtract areas identified as damage, giving a rigorous estimate of herbivory loss.
Tropical sites
In the tropics, three sites ( Within each individual forest reserve, hectare samples were taken at least 500 m apart from one another. As in the temperate zone, the corners of hectare samples were marked and two 100-m perpendicular tracks followed, grabbing a handful of leaves from the uppermost litter layer every 5 m. Samples were categorized according to the same criteria as the temperate zone samples for North America. Any leaves showing fungal saprophyte strands or those that were no longer physically robust (falling apart easily when pulled) were discarded.
Recording of leaf damage in sampled leaf litter: Two of the co-authors (J.M.A. and Y-J Z.) of this study worked equally on tropical and temperate leaves to identify (1) chewed-off areas (2) galls (3) skeletonized areas, and (4) leaf mines, and data were divided into these four categories in addition to a 'total herbivory' estimate. Damage was categorized according to Cranshaw (2004) , which is generally regarded as an authoritative work by an acknowledged expert. No attempt was made to identify which taxa of herbivores might be causing the damage; the objective of this study is in effect purely the plants' perspective on herbivory. It is reasonable to assume, however, that insect damage predominated in most localities given the small size of the damaged areas on most leaves, and the lack of populations of specialized arboreal leaf-eating mammals at these sites.
Regarding comparability of the results between the two regions, since equatorial south-east Asia has entirely distinct seasonal patterns from eastern North America, and the sampling time in this study had no exact match between these two continents, the data across continents have no comparability within each individual year. Hence there are no matching pairs of years between the regions, and only overall variation and means can be compared.
The spatial scatter of sampling was also different between the two studies. The samples in North America were taken as part of a study of latitudinal trends within that region, hence they were widely scattered from north to south (see map). Most North American samples were scattered at least several kilometers from their nearest neighboring sample, although some were located 500 m apart from one another in the same localities (see Appendix 1). The samples in Malaysia/Singapore were taken in several smaller clusters, with individual samples in a cluster less than 1 km apart from their nearest neighbors. This difference in spatial scattering to some extent may limit comparability of results, although we feel that overall the effect is marginal.
Comparison making allowance for differences in leaf lifetimes
It is evident that leaf lifetimes differ greatly between the tropical rainforest and temperate deciduous forest. A leaf that has fallen from a tree will have accumulated the sum total of damage over this entire life span, and rate of herbivory per unit time should be estimated with reference to the time span over which it has accumulated. There is a paucity of studies of leaf lifetime in tropical evergreen forests. In order to obtain an extra figure for possible leaf lifetimes in the tropics, to place alongside other estimates in the literature, we marked and numbered leaves on branches and then returned to resample them after 8 months.
To allow for differences in leaf lifetime, we calculated leaf half-life for tropical forest leaves based sampling of cohorts of leaves: this is the time taken for half of any sample of leaves to be lost from the trees. The following algorithm was used to calculate leaf half-life (the time taken for half of a cohort of leaves to fall from the tree). f = e kt where f is the fraction remaining, t is time, and k is the decay constant. The decay constant for each site is calculated as k = ln [f]/t. Leaf herbivory loss was compared between temperate and tropical regions with the allowance of leaf half-life.
Sampling of cohorts of leaves. Sampling was carried out on young trees or large shrubs 4-5 m in height, as older forest trees generally do not have branches within easy reach of the ground. Two randomly assigned trees were sampled approximately every 100 m along a trail, though identifiable morphotypes already sampled twice at a given site already were avoided. Thirty branches were sampled at Pasoh, 30 at Kepong, and 30 at Tanjung Tuan near Port Dickson. Branches sampled were 2-3 m in height, and able to be reached with the aid of a pole to bend the branch down. An approximately equal mixture of sun branches (seen to be in direct sunlight during the mid part of the day) and shade branches (situated where they are unlikely to receive direct sunlight) was selected. Sun branches were generally overhanging the edge of the trail. Shade branches were in varying levels of shade just inside the edge of the forest next to the trail, no more than 3 m from a trail.
On each branch, a shoot of between nine and 19 leaves was selected, and all leaves of all ages along the shoot (including young emerging leaves already more than 1 cm in length) were labeled. All the leaves were numbered on the underside with a fine-tipped permanent marker pen (or with colored plastic wire tied loosely around the petiole in the case of very young emerging leaves), and yellow plastic tape tied around the branch to help relocate it for the second sampling. In compound-leaved species, leaflets from distinct botanical 'leaves' were labeled separately (not more than one 'leaflet' per 'leaf' being labeled). The trunk of each tree was also marked with yellow spray-on paint, and a shoot from the same individual taken for identification purposes. In trials and in the study itself, we found no evidence of necrosis caused by marker pen ink on the opposite side of the leaf. Taxa sampled were identified as best was possible (usually by vegetative features) by Kamarudin, and staff at the FRIM herbarium (Table 2) . Not all taxa could be identified by the herbarium staff from the vegetative features of a shoot alone, and many had to be distinguished as 'morphotypes'. Herbivory accumulation on leaves on the tagged branches was also sampled across the 8-month interval using estimates Table 2 Taxa identified at each site from the leaf litter and live leaf collection Puchong leaf litter Moraceae sp., Meliaceace sp., Azadirchta excelsia, Dryobalanops spp., Bridelia spp., Alstonia scholaris, Atropurpurea spp., Myrtaceae spp., Rubiaceae spp., Shorea acuminata, Shorea sp, Hopea spp., Parashorea spp. Shorea sumatrana, Lasianthus spp., Prunus javanica, Syzygium ceraciforme, Palaquium gutta, Dryobanops aromatica, Diospyros sumatrana, Decaspermum fruticosum and Paropsia veracitormis Pasoh leaf litter Eugenia spp., Shorea acuminata, Shorea spp., Parashorea spp., Hopea spp., Myrtaceae, Gracinia sp., Euphorbiaceae sp., Gardenia sp., Shorea maxnelliane, Xerospermum noranhianum, Drypetes sp., Aporosa spp., Lasianthus sp., Memecylon spp., Pternandra coerulescens, Cryptocarya griffitti, Aidia densiflora, Diospyros spp., Norisian spp., Shorea guioso, Urophyllum glabrum, Baccaurea parviflora, Shorea macroptera, Ochanostachys amentecea, Shorea multiflora, Gracinia spp., Monocerpia marganalis, Aidia densiflora, Glycosmis spp., Diospyros spp., Alangium spp., Syzygium glaura, Syzygium sp., Shorea maxwelliana, Ardisia, Aporosa nigricans, Dipterocarpus spp., Casearia spps, Rinorea anguifera, Shora Multiflora, Syzygium spp., Dialium platysepalum, Neobalanocarpus Hei-ii, Microdesmis caseariafolia, and Xanthophyllum stipitatum, Eugenia sp., Shorea acuminata, Shorea sp., Parashorea spp., Hopea spp., Myrtaceae, Gracinia sp., Euphorbiaceae sp., and Gardenia sp. Port Dickson (Tangjun Tuan) leaf litter Cyanometra malaccensis, Garcenia sp., Syzygium spp., Rhodemnia cinera, Diospyros sumatrana, Araladium pinnatifidium, Mitrephore mayingayi, Lasienthus sp., Rubiaceae sp., Aidia densifolia, Callophyllum sp., Neobalanocarpus hemi, Shorea sp., Pouderia obovata, Maranthes corymbosa, Urophyllum sp., Memecyclon sp., and Cryptocarya griffithii Meranti leaf litter Shorea sp., Parashorea sp., Hopea, Myrtaceae, Gracinia, Euphorbiaceae, Gardenia, Gracinia sp., Monocerpia, Aidia., Glycosmis, Diospyros, Alangium., Syzygium, Ardisia, Aporosa and Dipterocarpus Kepong live leaf samples Moraceae sp., Meliaceace sp., Azadirchta excelsia, Dryobalanops sp., Bridelia sp., Alstonia scholaris, Atropurpurea sp., Myrtaceae spp., Rubiaceae sp., Shorea acuminata, Shorea sp., Hopea sp., and Parashorea sp., plus unidentified morphotypes Pasoh live leaf samples Eugenia sp., Shorea acuminata, Shorea sp., Parashorea sp., Hopea sp., Myrtaceae, Gracinia sp., Euphorbiaceae spp., Gardenia sp, plus unidentified morphotypes Port Dickson/Tangjun Tuan live leaf samples Burseraceae, Dipterocarpaceae, Sapotaceae, Callophyllum sp., Diospyros sumatrana, Araladium pinnatifidium, Mitrephore mayingayi, Lasienthus spp., Rubiaceae sp., Aidia densifolia, Neobalanocarpus hemii and Shorea glauca, Shorea sp. plus unidentified morphotypes
The live leaves were collected for leaf half-life study from digital photographs of the leaves on each branch, analyzed using Sigmascan Pro software. This was intended to test the idea that leaves heavily damaged at the start of the study would end up disappearing by the end of the study (presumably due to complete consumption by herbivores) as suggested by Lowman (1984) .
Analysis of results
We conducted a mixed-model nested ANOVA on leaf herbivory loss data using PROC GLM in SAS-PC (version 9.1). In each ANOVA, continent was a fixed factor, year was a factor nested in each continent. Since the sample size varied with year and continent, we utilized the type III errors for the F-test. The statistical analyses were used to compare the herbivory rates for North America and South-East Asia under two methodologies: (1) without consideration of longer leaf lifetime in tropical Asia and (2) with consideration of longer leaf life time in tropical Asia.
Results
Leaf herbivory loss comparison between tropical and temperate areas
The results include 125 samples at 86 localities in eastern North America and 75 samples taken at six localities in Malaysia and Singapore, including both mature secondary and primary forest. The spectrum of levels of damage for leaves within sites shows a broadly similar pattern between the tropics and temperate zone (Fig. 2) . Most leaves are only lightly damaged, while a few leaves are heavily damaged, in an approximately lognormal distribution.
The results reveal a significant difference in mean total leaf herbivory loss, during the entire leaf lifetime, between North America and Asia (P = 0.025). Significantly higher leaf herbivory loss was identified for Asia sites than the temperate North America sites (Fig. 3) . The average leaf herbivory in tropical Asia was 5.82% and the 3-year average was 5.48% in temperate forest. No significant difference was identified among the various years (P = 0.1033) within either the tropics or the temperate zone. In the tropical sites, leaves collected in January 2006 had the highest herbivory and those leaves collected in 2005 had the lowest leaf herbivory ratio. Temperate forest in 2005 had the lowest leaf herbivory loss with a mean figure of 4.3% of leaf area lost. However, the difference in proportion of leaf area lost is not a major one; certainly less than the difference reported by Coley and Barone (1986) . It is relevant to note that when allowance for differences in leaf lifetime is incorporated (below), leaf herbivory (as a proportion of leaf area) per year in the tropical sites is significantly lower than in the temperate sites (see below).
Results for leaf half-life in the tropical sites
The calculated leaf half-life in the lowland sites in Malaysia was 34 months for shade leaves and 21 months for sun leaves (Tables 3, 4 ). If we assume that leaf and shade leaves occur in approximately equal proportions within the canopy, this gives a mean leaf lifetime of 27.5 months (2.29 years). Leaf 'death' and 'birth rates' seem be approximately in balance across the sampled 8-month time interval (Table 3 ). The fact that leaves were clustered together on a smaller number of branches, and dispersed amongst a limited number of species, means that some pseudoreplication in inherent in these estimates. We also assume that leaf birth and death rates are not normally strongly concentrated into short periods of time (with time of year, or occasional weather fluctuations), which might make our sampling period unrepresentative. In the evergreen forests without a strong dry season it seems a reasonable assumption that leaf growth and abscission occurs year round. However, the intention here was to provide a rough estimate to put alongside others already gleaned from the literature (see Discussion, below), to add some overall perspective on the question of whether tropical leaves tend to live longer than temperate zone leaves.
Relative herbivory rates for temperate and tropical forests, allowing for differences in leaf lifetime
Given the apparent difference in leaf lifetime (Table 3) between the tropical evergreen and temperate deciduous forests, to obtain a 'true' figure for rate of herbivory per year it is necessary to divide the tropical herbivory figure by the number of years that each leaf on average survives to accumulate damage, before being shed. As a preliminary calculation (based on our data presented here), tropical lowland forest leaves should be divided by 2.29 to give an annual percentage area loss to herbivory. This compares to temperate deciduous leaves, which accumulate all their damage over-at most-1 year. When the tropical herbivory estimate reduced to rate per year is compared, it is evident that there is much less herbivory percentage-wise per year in tropical forests compared to temperate forests (Fig. 4a) . Reduced further to a common parameter of herbivory per 6 months of growing season (Fig. 4b ) (since cool temperate zone deciduous leaves last only around 6 months before nutrients are withdrawn from them and they are shed, making a comparison of the entire year in the tropics with the whole year seem somewhat dubious), it is further evident that overall rate of herbivory is much lower in the tropics (Fig. 4b) . This doubles again the estimate of herbivory per unit time of growing season in the temperate zone, relative to the tropics: temperate zone herbivory is now around four times that of the tropics. Even with any reservations about pseudoreplication due to sample clustering, it is evident that this striking difference is extremely unlikely to be due to chance alone, given the multiple years and samples, and consistency of the results from site to site.
Relative frequency of types of leaf damage
Tropical and temperate areas had a somewhat similar distribution of different types of leaf herbivory: chewing damage was the dominant type (Fig. 5) . In the tropics, chewing accounted for 93% of the total leaf herbivory by area, followed by leafminers at 4%. Galls and skeletonization accounted for 1.3% of the total area of leaf herbivory. In the temperate zone, herbivory by chewing accounted for 86% of the total herbivory and the next highest category was herbivory loss from skeletonization which accounted for 11%. Herbivory damage from galls contributed 1.2% and leafminers contributed another 1.9% to the total herbivory damage.
Discussion
The idea that there is more herbivory damage to plants in the tropics appears to be a generally accepted paradigm in ecology (e.g., Coley and Barone 1996; Currano et al. 2008) . It has implications for many aspects of community and ecosystem theory, including for example the strength of selection for coevolution, and the maintenance of the far greater species diversity of the tropics (e.g., Janzen 1970). Given its potential importance in ecology, it is imperative that this theory is properly tested using closely similar methods between high and low latitudes. The results presented here tentatively suggest that the theory of higher tropical herbivory requires some reexamination. Without taking account of leaf lifetime, there is only a slightly higher total percentage area loss in tropical than temperate leaves. Even though leaf lifetimes may be very different between tropical and temperate forests, so that ecosystem turnover rates via herbivory might be different, the similar percentage leaf area loss implies a relatively constant 'tax'-over the whole leaf lifetime-on whatever leaf area is produced, at whatever cost to the trees themselves. This would suggest a fundamental similarity in ecosystem functioning between the temperate and tropical zones, in terms of the overall proportion of leaf photosynthate, minerals etc., lost to herbivory. However, there is another way of comparing the 'tax' from herbivory. If one counts only loss of leaf area per year of leaf lifetime, it seems that temperate zone trees, with their much shorter-lived leaves, may be suffering about two times more damage turn-over (as a percentage of their leaf area) per unit time, due to herbivory. In this sense, the tropical-temperate difference seems to be quite the opposite of what would be expected.
However, an important matter that this conclusion rests upon is whether the leaf lifetime figure that we estimate here is reliable. The leaf lifetime calculated for the sites in this study (see Methods, and Table 2 ) suggests that leaves in the lowland tropical sites have a halflife of around 2.3 years. This must be considered a conservative estimate because most leaves were already of unknown age at the start of the sampling period. We have not attempted a more rigorous statistical test of the results, due to the complex hierarchical nature of leaflevel and branch-level sampling, and the unsure identification of taxa sampled from vegetative features alone. Furthermore, our samples were confined to branches of young trees and shrubs reachable from the ground, not the canopy of mature trees. However, our estimate appears to be within, or close to, the general range already suggested in the literature for tropical non-pioneer trees (Rijkers 2000; Reich et al. 2004 ). Other studies on several species of non-pioneer evergreen tropical trees have found leaf half-lives of 2.6-5.1 years (Rijkers 2000) , and of 6.8 years-though very variable by species ranging from 2.1 to 46 years. Thus our estimated leaf life time here seems to fall close to these other published estimates. If our study had followed all leaves fully from 'birth' to 'death', as the studies of Rijkers and Herborn did, it is likely our calculated half-life would have been longer. Taking longer leaf lifetime values allowed by the uncertainty limits in these other studies would further increase the contrast between temperate and tropical systems, meaning lower levels of leaf herbivory in the tropics. Regardless of the confidence to be placed in the leaf lifetime estimates in our own cohort study, if we were to ignore those data gathered here and use only the 'lowermost' estimates for leaf lifetimes of 2.6 years obtained by Rijkers or 2.1 years by Herbohn, this would clearly still be sufficient to put annual tropical leaf herbivory rates (in terms of percent of area of leaf tissue lost per year) well below those for the temperate zone. Even if one takes the most extreme outer bounds of the other published estimates for tropical leaf lifetime, it does not materially affect the conclusion: that herbivory damage per month or year of leaf lifetime is lower in the tropics (Fig. 4b) . It seems reasonable that our finding of only slightly greater overall herbivory between tropical and temperate zones during the entire leaf lifetime is more significant in ecological and evolutionary terms for the plant-herbivore relationship, than the finding that intensity of herbivory per month of growing season is less in the tropics. After all, a plant has a certain overall quantity of resources in terms of mineral nutrients, and the percentage that is lost overall is likely to be more significant. However, a more detailed mathematical cost-benefit analysis incorporating multiple ecological factors would be an interesting future addition to the interpretation of such results.
Also noteworthy in the context of our findings here is that Coley and Barone (1996) , reviewing multiple published sources of data, found higher rates of herbivory on the leaves of tropical dry forest trees. Since most studies have looked only at the dynamics of herbivory on live leaves, essentially this means a higher rate of accumulation of damage rather than necessarily more damage over the entire leaf lifetime, because dry forest leaves often last only one season. However, the finding of more intense (per unit time) herbivory in dry forest leaves does match the pattern seen with deciduous temperate leaves in the present study.
It is important to emphasize that studies that have tracked the time course of herbivory to individual tropical and temperate leaves in detail have found that most herbivory takes place when the leaf is young (Coley 1982; Coley and Barone 1996) . Given that both tropical and temperate leaves mature over several weeks, this phase of concentrated herbivory may be a similarly long period for both temperate and tropical leaves. This might mean a similar rate of herbivory on the most vulnerable leaf stage. However, no detailed quantitative comparison has been carried out, to our knowledge, that rigorously compares length of maturation period of leaves or amount of herbivory in this phase in temperate and tropical leaves.
Distribution pattern of sites
While in most aspects, the methodology of the tropical and temperate parts of this study was similar, various caveats may be expressed. In North America, some 1-ha quadrats were relatively closely clustered (500 m to 1 km apart) others were singlets tens of kilometers from the nearest sites. Due to the difficulty of traveling extensively in the tropics, instead of spreading sites out we clustered them into groups with samples placed 500 m to 1 km apart. Having said this, the different clusters were still scattered out across about 350 km. The tropical sites also take in range of soil and topographic conditions: including limestone forest at Port Dickson/Tangjun Tuan, alluvial soils at Meranti and red clays at the other sites. Additionally, because of the very high species richness in the tropical sites, the species list sampled from one hectare sample to another would tend to differ from one sample to another nearby. This has been confirmed by a more recent study (in preparation, J.M.A.) , which finds that of the leaf 'morphotypes' identifiable from leaf litter <20% overlap between adjacent samples in the same site. In this sense, multiple samples in tropical forest may be comparable to sampling more widely spaced forest communities in North America.
Are many leaves being completely eaten by herbivores in the tropics?
An important question is whether the proportion of leaves completely consumed-and thus not showing up in the litter layer-varies between the tropics and the temperate zone. If many more leaves are completely consumed in the tropics, this would tend to deflate the herbivory estimates, causing us to underestimate tropical herbivory. Lowman (1984 Lowman ( , 1985 , working on temperate and subtropical forests in Australia, suggested that many leaves that might have been thought to be senescing were actually being completely eaten, and that herbivory in both temperate and subtropical systems was being greatly underestimated (by a factor between 1.8 and 3.5) if only 'one time' sampling of live leaf damage was being carried out instead of a cohort study on living leaves over time. Lowman's work is often cited in reference to tropical forests as well (e.g., Coley and Barone 1996) .
Sampling each month over 2 years, Lowman suggested that individual leaves that showed a progressive increase in herbivory over time and then vanished from the tree had been completely eaten. Only leaves that were almost intact before they were lost from the tree were assumed to have simply senesced. It is difficult to know how much basis there is in Lowman's assertion that a leaf that shows a trend of increasing herbivory damage over time is likely to end up being entirely eaten. Each leaf would show its own individual trajectory of accumulation of damage, and it is not clear from Lowman's paper what exact criterion was used for assuming a leaf had eventually been eaten. Lowman instead relied on the hypothesis that 'a leaf that shows increasing damage and then eventually disappears must have been eaten'. In fact, in our study, many leaves that were heavily damaged at the start of the study did not disappear, while many undamaged leaves also suddenly disappeared. We labeled leaves that were either undamaged or >50% damaged, along forest paths and in the forest understory at Pasoh and Port Dickson. Most leaves that were heavily (>50%) damaged at the time of initial sampling in January 2006 were still present 8 months later in August 2006. Of 120 leaves on 51 branches that were heavily (>50% of area lost) damaged at the time of initial sampling in January 2006, 101 (85%) were still present in August 2006, so gaining heavy damage apparently does not tend to mean that the leaf will either be totally eaten or senesce. The chances of such a leaf being lost (15% in 8 months) seem no different from the average for leaves without damage (11% in 8 months), although the small sample size precludes a definitive statement on this. Given this, we would suggest that many leaves that Lowman observed accumulating damage had simply senesced between sampling times due to old age without being entirely eaten. Since sampling times during each month in Lowman's study were irregular, leaves may often have had 5-6 weeks to senesce unseen. Also, Lowman (1984 Lowman ( , 1985 and Morrow and Fox (1989) note that herbivory in Australian forests appears to be greater than in other parts of the world, perhaps due its isolation resulting in a different community structure of herbivores or insect predators, so her findings might not be relevant to other regions.
Our finding of several labeled leaves undamaged by herbivory in the leaf litter (seven out a total of 220 detached labeled lowland leaves were found still labeled underneath the branch that they had fallen from, with only very cursory searching: they were found because they were facing bottom side up, with the number still plain to see because the leaf had not yet begun to decay) further suggests that many leaves that vanish from the tree have simply been abscised, not eaten. The fact that the leaf age estimates obtained here from the rate of turnover of leaves are within the general time frame reported for other studies of leaf longevity on the tropical trees, also supports the view that most leaf loss was from senescence followed by abscission.
Furthermore, the important point is not to what extent consumption of whole leaves alters the overall estimation of herbivory within each region, but whether it differs systematically between regions. If many more leaves really were being completely consumed in the tropics compared to the temperate zone, we should also expect to see many more heavily damaged leaves, as a proportion of the leaf litter. Yet the spectrum of leaf damage (Fig. 2) shows no sign of such a difference between temperate and tropical zones. Whatever the proportion of leaves being completely consumed, it seems to be about the same in both regions.
Is it relevant to compare sites in tropical Asian sites with those in temperate North America?
This study compared sites in the New World temperate zone with the Old World tropics. Is such a cross-comparison between continents likely to confound any influence of latitude, making the whole exercise futile? Perhaps the Neotropics would be a better comparison with the North American temperate zone? We suggest that there is no reason to think that the American tropics are in any way more appropriate for this study than the Asian tropics. Taxonomic affinity between temperate and lowland tropical trees in the Americas is very low, while the North American temperate flora has marked similarities at the genus and subgenus level to that of temperate Asia, as does the tropical forest flora of the Americas and south-east Asia (though not nearly as closely). Having said this, the choice of tropical region may affect results for other reasons. The predominance of leaf-cutter ants in the American tropics might fundamentally change the levels and patterns of herbivory observed there, compared to the Asian or African tropics (e.g., Coley 1982) . In addition, specialized leaf-eaters such as sloths are present in the Americas, whereas monkeys present in Peninsular Malaysia and Singapore are predominantly fruit eaters.
Possible implications of less herbivory in the Asian tropics
The concept that there is more herbivory in the tropics seems intuitively reasonable to many ecologists, since there is no winter to 'knock back' herbivorous insect populations. Without such density-independent population crashes, herbivores can then build up to levels at which density-dependent factors such as food limitation, disease, and predation become important. If densityrelated controls are more intense, coevolution becomes more likely, possibly helping to generate the very high levels of diversity found in the tropics (e.g., Janzen 1970). Searching for a latitudinal difference in herbivory becomes a means of testing one aspect of this important underlying hypothesis, and the mechanisms which are thought to follow on from it.
If our findings here are found to be generally true of tropical forests, the idea that there is closer density dependent control of herbivores in the tropics will be put in some doubt. If this is so, the general view that 'biotic' interactions are stronger in the tropics seems less well justified. From this, it follows that mechanisms involving more sustained intense herbivore pressure-and stable high herbivore populations-to explain tropical high diversity (Janzen 1970) might not work as they are expected to. Observations that fail to show the expected latitudinal gradient in herbivory are then digging away at the foundations of a pyramid of theory.
Another standardized study has failed to show that tropical woody ecosystems have any greater herbivory than temperate forests, and a comparison within the temperate zone of eastern North America found less herbivory in warmer climates (Adams and Zhang 2009 ). The widely cited paper by Lowman (1984) also suggests less herbivory at lower latitudes: Australian cool temperate forests were found to have about 50% more herbivory than subtropical forests whether steady-state or cohort studies were used. However, a latitudinal gradient in herbivory was found in the Norway maple Acer platanoides within its native range in Europe by one of the authors of this study, with less herbivory at higher latitudes, and some of the results by Zolkov (2008) did support the trend although others contradicted it.
If our observations in this study apply more generally to tropical vs. temperate forests, why might herbivory rates be only slightly greater or (by another way of looking at it) actually lower in the tropics? This may relate to stronger physical and chemical defenses in leaves in the tropics, which must survive for longer. For instance, long-lived tropical leaves are certainly more physically robust than the thin, soft deciduous leaves of the temperate zone. Lower nutrient availability in tropical soils, and the aseasonal climate giving reason to maintain long-lived leaves, might put more of a premium on such defenses. However, it is important to bear in mind that many temperate trees show very heavy investment in what seem to be defensive compounds (e.g. tannin levels approaching 50% by weight in the leaves of some deciduous trees) (Forkner et al. 2004 ).
Specificity of herbivory; enemy escape down to low levels of herbivory by high diversity in tropics?
Another possible reason why herbivory in tropical forests is lower per unit time of growing season, is that in an environment where herbivores may be more specialized on average (Janzen 1970; Coley 1982) , trees 'escape' higher levels of herbivory overall by existing at low individual population densities, while relying on a more diverse array of chemical compounds (Dyer et al. 2007) to deter generalist herbivores and the specialized herbivores of other tree taxa. In the less diverse forests of the temperate zone, by contrast, there is no complete escape since the trees exist at high population densities, although (perhaps by having exceptionally high levels of tannins) they are able to keep insects from damaging their leaves more heavily. However, it is possible that tropical trees actually have more tannins in their leaves (Coley and Barone 1996) . The situation may be reminiscent of the idea of 'apparency' put forward by Feeny (1976) , even though that view has generally been discarded in subsequent literature. However, even the assumption that herbivores are more specialized in the tropics is now in some doubt following work on New Guinean and central European forest insect faunas by Novotny et al. (2002 Novotny et al. ( , 2006 , although Dyer et al. (2007) working in the Americas have found results suggesting that in the low latitudes Lepidoptera are indeed more specialized in their feeding.
To provide broader generalizations on patterns in herbivory with latitude, a study such as this needs to be repeated for multiple regions. For example, the work could compare other pair-wise combinations of regions such as tropical Africa or South/Central America versus temperate forests in Europe or eastern Asia, as well as involving tropical SE Asia and eastern North America.
